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Abstract
The interactions between Ce3+ and antisite defects (AD) in YAG (Y3Al5O12) are studied by
means of rst-principles calculations: Periodic-boundary-conditions density-functional-theory for
a 160 atom YAG unit cell with one Ce3+ and one or two ADs, and complete-active-space second-
order perturbation theory for the 4f1, 5d1, and 6s1 electronic manifolds of the (CeO8Al2O4)
15 
embedded cluster. Attractive interactions are found between Ce3+ and the ADs. The formation
of one AD is more favorable in Ce:YAG than in YAG, but the formation of a second AD is
less favorable, which means that the presence of Ce tends to lower the concentration of antisite
defects in YAG. The interaction between Ce3+ and antisite defects blueshifts the two lowest Ce3+
4f ! 5d transitions. This result rules out the involvement of antisite defects in the recently
reported excitation of the lowest 5d ! 4f emission with photons below the zero-phonon line and
leaves other distorted Cerium centers for consideration, like Ce3+ interacting with interstitial non-
stoichiometric Yttrium or with vacancies. The reasons behind the blueshifts are analyzed in detail:
They are dominated by a decrease in the eective ligand-eld splitting of the 5d1 manifold, almost
entirely due to the structural changes of short- and long-range and with almost negligible electronic
eects from the Y and Al site exchanges.
PACS numbers: 71.55.-i, 71.15.Dx, 61.72.-y, 61.72.jn, 61.72.S-, 78.40.-q, 71.70.-d
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I. INTRODUCTION
Yttrium aluminum garnet Y3Al5O12 (YAG) doped with Ce
3+ (Ce:YAG) is a well known
phosphor used in white solid-state-lighting (SSL) devices due to its ability to convert to
yellow part of the blue light emitted by a GaN light-emitting-diode (LED)1{3. The blue
absorption and yellow emission are due to 4f ! 5d and 5d ! 4f transitions of Ce3+ and
they are known to depend on the local structure of the CeY substitutional defect. For
instance, changing the local structure of the active defects via co-doping has been used as a
practical means to blue- and red-shift the 5d! 4f emission4{7 in an attempt to control the
color of the phosphor, an issue which is considered one of the keys for the success of SSL
technologies.8 Also, the lowest 5d ! 4f emission has recently been excited with photons
1650 cm 1 below the zero-phonon line9 and this phenomenon has been explained with the
involvement of phonon-assisted nonradiative energy transfer between dierent groups of
distorted Ce3+ centers, like the ones resulting from the interactions with antisites, interstitial
non-stoichiometric Yttrium, or vacancies. And the interplay between Ce3+ ions and dierent
defects is known to play important roles in the dierent optical behaviors of Ce:YAG in
its dierent forms, like single-crystal, single-crystalline lm, nanopowder, and transparent
optical ceramics.9{12 Hence, it is important to know the interactions between Ce3+ and other
defects present in YAG, which could be formed intentionally (like co-dopants) or as a result
of the preparation methods (like antisite defects, interstitials, or vacancies).
First-principles calculations have been able to model reasonably well the 4f 1 and 5d1
manifolds of Ce3+ in YAG, both in its ideally isolated defect13 and in the complex defects
resulting from its interactions with co-dopants like Ga3+ [Ref. 14] and La3+ [Ref. 15]. In
eect, in the case of the CeY single substitutional defect, wave function based ab initio
embedded-cluster calculations on the states of the 4f 1 and 5d1 congurations (complete-
active-space self-consistent-eld16{18 based second-order many-body perturbation theory19{22
CASSCF/CASPT2) predicted its ground structure (later seen to agree reasonably well with
EXAFS measurements23) and excited state structures, and computed its absorption and
emission spectra, which helped solving remaining assignment issues24. In the cases of Ga3+
and La3+ co-doped Ce:YAG, combined periodic-boundary-conditions density-functional-
theory25,26 (DFT) calculations and embedded-cluster CASSCF/CASPT2 calculations re-
produced the opposite shifts experienced with both co-dopings14,15 (blueshift with Ga3+ and
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redshift with La3+) and answered the long standing question of why they are opposite if both
co-dopings induce lattice expansions27,28: The GaAl defect does not have a preference to sit
near Ce and its eects are dominated by the reduction of the ligand eld splitting of the 5d
shell due to the structural expansion, resulting in a blueshift of the lowest 4f 5d transition.
On the contrary, LaY tends to be located in sites close to Ce, which results in a reduction of
the dierence between 4f and 5d energy centroids and in a stronger Pauli repulsion between
Ce and La (with respect to the smaller Y) that produces a relevant increase of the eective
ligand eld; both eects together compensate the consequences of the lattice expansion and
lead to the nal redshift.
In this paper, we use the above rst-principles methods in order to study the interplay
between the CeY defect and YAl-AlY antisite defects (AD) in YAG, which are dominant
among the intrinsic defects29,30. In single crystal form, these ADs, in which Y and Al
exchange sites, lower the real symmetry of the pure garnet from cubic to trigonal29. They are
known to be present in all forms of YAG and their concentrations are strongly dependent on
the preparation method, mostly on the temperature9{12. Here, we focus on the interactions
between Ce3+ and the ADs and on how they impact their structures and the 4f 1 and 5d1
energy manifolds of Ce3+ in YAG. The possibility of involvement of ADs in the excitation of
the 5d 4f luminescence below the zero-phonon line observed by Feolov et al.9 is discussed.
In order to address the study, we take advantage of previous DFT calculations that pro-
vided a detailed picture of the local atomistic structures, the electronic structure, and the
distribution of ADs within the pure YAG host31 and we carry out a rst-principles com-
bined theoretical study of YAG with Ce and antisite defects together, Ce,AD:YAG. Firstly,
we perform ground state periodic-boundary-conditions DFT calculations of the atomistic
structures of Ce,AD:YAG, with concentrations of one CeY impurity and one or two ADs
per unit cell. Then, the computed structures are used in CASSCF/CASPT2 calculations
performed on the ground and excited states of the (CeO8Al2O4)
15  cluster under the eects
of embedding potentials of YAG with antisite defects. Out of these, the energies of the
4f   5d transitions of Ce3+ are calculated under the eect of one and two antisite defects.
The details of the calculations are presented in Sec. II, the results are discussed and
analyzed in Sec. III, and the conclusions are presented in Sec. IV.
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II. DETAILS OF THE CALCULATIONS
The atomistic structures of Y2:875Ce0:125Al5O12 materials containing one and two anti-
site defects per unit cell (Ce,1AD:YAG and Ce,2AD:YAG respectively) have been obtained
with the periodic boundary conditions self-consistent SIESTA method,32,33 using density
functional theory (DFT)25,26 within the generalized gradient approximation (GGA) as for-
mulated by Perdew, Burke, and Ernzerhof (PBE).34,35 We used norm-conserving pseudopo-
tentials36 in the Kleinman-Bylander form.37 For Y, Al, and O, we used those generated
for and used in pure YAG;38 and for Ce we used its relativistic version39 for the reference
conguration Ce3+(5s24p64f 1), previously used in Ce,La and Ce,Ga co-doped YAG.14,15
Nonlinear partial-core corrections40 and semicore states to account for large core-valence
overlap have been used for Y and Ce. Atomic basis sets of double- plus polarization qual-
ity have been used for all atoms: Y(5s5s04p4p05p4d4d0), Al(3s3s03p3p03d), O(2s2s02p2p03d),
and Ce(5s6s6s05p5p06p5d5d04f). The basis sets of Y, Al, and O have been generated in
Ref. 38 and that of Ce in Ref. 15, all of them using the ctitious enthalpy method of
Anglada et al.41 The charge density has been projected on a uniform grid in real space, with
an equivalent plane-wave cuto of 380 Ry, in order to calculate the exchange-correlation
and Hartree matrix elements. Total energy calculations have been converged with respect
to k-space integration; a k grid cuto of 15.0 Bohr was used.
All geometry optimizations have been performed without imposing any symmetry re-
strictions in the positions of all atoms in the 160 atom unit cell, using a conjugate gradient
method, with a force tolerance of 0.04 eV/A. Starting geometries were generated from the
computed atomistic structure of perfect YAG (a=12.114 A, x(O)=-0.036, y(O)=0.0519 and
z(O)=0.1491),38 in good agreement with experiment,42 after generating the CeY and AD
defects by substituting Y atoms by Ce and exchanging Y and Al positions. In preliminary
calculations, we have explored the change in volume experimented by the unit cell of YAG
containing CeY and one or two ADs by allowing the cell to breath after optimization of each
set of defects. The increments in the lattice constant found are +0.17% and +0.44% for
Ce,1AD:YAG and Ce,2AD:YAG respectively. We consider them small enough to neglect the
lattice expansion eects on the defect structures.
The optical absorption energies corresponding to the Ce3+ 4f ! 4f , 4f ! 5d, and
4f ! 6s transitions in Ce,1AD:YAG and Ce,2AD:YAG have been calculated with embedded
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cluster wave function based methods. For this purpose, the (CeO8Al2O4)
15  cluster was
embedded in ab initio model potential (AIMP)43 representations of the corresponding hosts,
with their structures distorted by the presence of the defects. The cluster is made of the
Cerium ion and its rst oxygen coordination shell CeO8, plus two additional AlO2 atomic
sets so as to include the two AlO4 moieties that share two oxygens each with the CeO8
unit (Fig. 1). This choice is made on the basis of previous investigations that pointed out
the presence of strongly bound -Y-AlO4-Y-AlO4- chains in YAG.
44 The AIMP embedding
potentials of the Y3+, Al3+, and O2  ions in YAG, which include electrostatic, exchange,
and Pauli repulsion interactions between the cluster and its environment, were produced in
Ref. 15 according to the prescriptions in Ref. 45. They were located at the atomic positions
that resulted from the PBC-DFT calculations of the previous step.
A relativistic eective core potential ([Kr] core) and a (14s10p10d8f3g)=[6s5p6d4f1g]
Gaussian valence basis set from Ref. 46 was used for Ce. For O, a [He] eective core
potential and a (5s6p1d)=[3s4p1d] valence basis set from Ref. 47 was used, extended with
one p-type diuse function for anion48 and one d-type polarisation function49. For Al, we
used a [Ne] core potential and a (7s6p1d)=[2s3p1d] valence basis set from Ref. 47, which
includes one d-type polarisation function.49 Extra basis set funtions were added in order to
improve the degree of orthogonality achieved between the cluster molecular orbitals and the
environmental orbitals: the Y3+ 3d; 4s; 4p and the Al3+ 2s; 2p atomic orbitals of all Y and Al
next to the cluster in Ce:YAG, as obtained in self-consistent embedded-ions calculations on
YAG,13. These embedding potentials, eective core potentials, and basis sets have previously
been used in rst-principles simulations of Ce:YAG absorption and luminescence13 and they
are available from the authors50.
In the (CeO8Al2O4)
15  embedded cluster, spin-orbit free relativistic calculations have
been performed using the atomistic structures resulting from the ground state periodic DFT
calculations described above. Bonding, static and dynamic correlation, and scalar relativis-
tic eects are taken into account in state-average complete active space self consistent eld
(SA-CASSCF)16{18 plus multistate second-order perturbation theory (MS-CASPT2)19{22 cal-
culations performed with a scalar relativistic many-electron Hamiltonian. Spin-orbit cou-
pling eects are missing in these calculations, but their eect on the 4f ! 5d transitions of
Ce:YAG, which are the focus of this paper, are known to be a uniform increment of around
1000 cm 1 with negligible dependence on the atomistic structure13.
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In the SA-CASSCF calculations, a [4f; 5d; 6s]1 CAS was used, meaning that the wave
functions are conguration interaction (CI) wave functions that mix all congurations whith
one unpaired electron occupying one of the thirteen molecular orbitals of main character
Ce-4f , Ce-5d, and Ce-6s. The molecular orbitals are chosen so as to minimize the average
energy of the thirteen states. As a consequence of the presence of the antisite defects, the
local D2 symmetry of the Ce site in Ce:YAG is lost and the thirteen states belong to the
only irreducible representation of the point group C1 used in our calculations. They are
classied as 1  132A, although the relative energies of the 4f 1, 5d1, and 6s1 congurations
are mantained, as we will see later, and 1  72A are basically of Ce-4f 1 character, 8  122A
are basically of Ce-5d1 character, and 132A of Ce-6s1 character.
Using the CASSCF wave functions and the occupied and virtual molecular orbitals, MS-
CASPT2 calculations are done where the dynamic correlation eects (which are missisng at
the CASSCF level) of the 5s; 5p; 4f and 5d electrons of Cerium and the 2s and 2p electrons
of the eight Oxygen atoms are added. These calculations have been performed with the
program MOLCAS51.
III. RESULTS AND DISCUSSION
A. Structure and energetics
We have studied YAG unit cells containing one CeY defect together with one and two
antisite defects per unit cell. In order to investigate and chose among all possible combina-
tions, we resorted to the structural information obtained in previous rst-principles studies
on pure YAG with one and two ADs per unit cell.31 In the Ce,1AD:YAG case, the 23 non-
equivalent positions of CeY coupled with the most stable single AD are indicated in the
upper part of Fig. 2. In the Ce,2AD:YAG case, there are 11 non-equivalent positions of CeY
coupled with the most stable double AD; they are indicated in the lower part of Fig. 2. The
relative energies of all the Ce,1AD and Ce,2AD multiple defects studied are shown in Tables
I and II, respectively, together with summaries of the structural data: o-center displace-
ments of CeY, YAl, and AlY with respect to their respective substituted ions in YAG and
inter-cation distances in YAG, Ce:YAG, Ce,1AD:YAG, and Ce,2AD:YAG, indicative of the
mutual eects of CeY and the ADs.
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Among all the Ce,1AD:YAG defects studied, we have not found any pattern relating
defect energies and o-center displacements of inter-cation distances. One of them (defect
1a) is signicantly more stable than the others and it is not characterized by any special
features, neither of the cationic o-center displacements nor of the Ce-AD distances. It
has low o-center displacements of CeY with respect to YAG and of YAl and AlY with
respect to 1AD:YAG, but it is not the defect with the lowest ones. It isn't either the defect
with shortest nor longest CeY-YAl and CeY-AlY distances. We comment below the specic
structural features of defect 1a. In the Ce,2AD:YAG case, there is also one defect more
stable than the others (defect 2k), although not as singled out as in the 1AD case, followed
by a few with similar energies, and there is one signicantly more unstable than the rest
(defect 2a), which is the one that shows the largest CeY o-center displacement and the
strongest distortion of the CeY-Aloct distance.
Let us now analyze the local structure of most stable Ce,1AD:YAG and Ce,2AD:YAG
defects (defects 1a and 2k, respectively, in Fig.2). In both cases, Ce3+ originally substitutes
for Y3+ on a D2 point symmetry site, with four shorter and four larger Ce-O distances,
labeled s1-s4 and l1-l4 in Figs. 3 and 4. The local structure of the Ce,1AD:YAG defect 1a
is shown in Fig. 3. The CeY and AlY-YAl defects are linked by a AlO4 moiety that connects
the CeYO8 unit, via two short Ce-O bonds (s1 and s2), with the AlYO8 unit of the AD.
They form a . . . -CeY-AlO4-AlY-AlO4-CeY-. . . chain, in which all the Y atoms of the original
. . . -Y-AlO4-Y-AlO4-Y-. . . chain of YAG (Ref. 44) are alternatively substituted by Ce and
Al. The presence of the YAl in the ADs slightly distorts the symmetry of the original chain,
as it is shown by the CeY-AlY distances (6.083 and 6.089 A, very slightly longer for the
AD with closest CeY-YAl) and the AlY-CeY-AlY angle (169
, 11 smaller than the original
Y-Y-Y angle of 180). The mutual distortions between Ce and the AD are illustrated in
Table III. D2 point symmetry disappears around Ce and its coordination shell experiences
an overall expansion (of 0.038 A in average) in which both short and long Ce-O bonds are
aected in a similar way. The eect of Ce on the AD structure is important only on the
AlY in the . . . -CeY-AlO4-AlY-AlO4-CeY-. . . chain and insignicant on the YAl o chain.
The distortion around AlY maintains its quasi-sixfold coordination of 1AD:YAG (Ref. 31)
with six short AlY-O distances and two much longer ones; three of the closer Oxygen atoms
move signicantly inwards (d3, d4, b2) and one moves outwards (d5); the two more distant
Oxygen atoms (d1, b1) suer slight displacements (shortening and elongation respectively).
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The local structure of the most stable Ce,2AD:YAG defect (2k) is shown in Fig. 4. Here,
CeY is directly linked to one of the two antisites of the 2AD defect. In this case two Oxygen
atoms of the CeYO8 unit (one with short and one with long Ce-O distances, s1 and l1) are
shared with one of the YAlO6 units of the 2AD. The mutual distortions between Ce and the
2AD are illustrated in Table IV. As in the 1AD case, D2 point symmetry disappears around
Ce and its coordination shell experiences an overall expansion; this is slightly larger than
in the 1AD case (of 0.041 A in average) and more anisotropic, slightly stronger for the long
than for the short Ce-O bonds (+0.044 vs. +0.038 A). The two Oxygen atoms linked to the
2AD (s1 and l1) are the ones that experience the smaller rearrangements; the Os1-CeY-Ol1
angle opens slightly from 73.5 in Ce:YAG to 76.2 in Ce,2AD:YAG. The structure of the
double AD defect remains very much unaected by the presence of CeY; the YAlO6 unit
linked to CeYO8 suers very small changes and propagates the very small distortion to the
next AlYO8 unit, the only signicant change being the lower distance between AlY and one
of its two loose Oxygen atoms (d1).
The formation energies of the most stable Ce,1AD:YAG and Ce,2AD:YAG defects (1a
and 2k, respectively), taking the Ce3+ and Y3+ free ions as a reference, are the following:
(Y3Al5O12)8 + Ce
3+ ! 1AD :(Y2:875Ce0:125Al5O12)8 +Y3+ ; E = +3:308 eV ;
(Y3Al5O12)8 + Ce
3+ ! 2AD :(Y2:875Ce0:125Al5O12)8 +Y3+ ; E = +7:022 eV :
These, together with the corresponding formation energies of one CeY defect,
14
(Y3Al5O12)8 + Ce
3+ ! (Y2:875Ce0:125Al5O12)8 +Y3+ ; E = +0:113 eV ;
and of one and two AlY-YAl antisite defects,
31
(Y3Al5O12)8 ! 1AD :(Y3Al5O12)8 ; E = +3:725 eV ;
1AD :(Y3Al5O12)8 ! 2AD :(Y3Al5O12)8 ; E = +3:492 eV ; (1)
allows us to complete Fig. 5, where the formation energies of single and multiple defects are
summarized.
We can observe that the formation of one CeY defect is 0.530 eV (51.1 kJ/mol) more
favorable in YAG with one antisite defect per unit cell ({0.417 eV) than in perfect YAG
(+0.113 eV). Equivalently, the formation of one AlY-YAl antisite defect is also 0.530 eV
more favorable in Ce-doped YAG with one CeY defect per unit cell (+3.195 eV) than in
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perfect YAG (+3.725 eV). So, {0.530 eV is just the interaction energy between the CeY and
AlY-YAl individual defects,
(Y2:875Ce0:125Al5O12)8 + 1AD :(Y3Al5O12)8 ! 1AD :(Y2:875Ce0:125Al5O12)8 + (Y3Al5O12)8 ;
E =  0:530 eV:
Also from Fig. 5, it can be seen that the formation energy of a CeY defect is more favorable
in YAG containing two antisite defects ({0.195 eV) than in perfect YAG (+0.113 eV).
Analogously, this favorable dierence in energy (0.308 eV) is also found in the process of
formation of two antisite defects from Ce:YAG (+6.909 eV) with respect to the formation of
two antisite defects from pure YAG (+7.217 eV). Thus, {0.308 eV is the energy accounting
for the interaction between the CeY impurity and the defect formed by the two pairs of YAl
and AlY :
(Y2:875Ce0:125Al5O12)8 + 2AD :(Y3Al5O12)8 ! 2AD :(Y2:875Ce0:125Al5O12)8 + (Y3Al5O12)8 ;
E =  0:308 eV:
In the favorable interaction between CeY and the ADs, relaxation cooperative factors play
a important role: 0.307 eV in Ce,1AD:YAG and 0.200 eV in Ce,2AD:YAG. (In Ce,1AD:YAG,
the stress energy from the perfect YAG structure is 6.612 eV and the sum of the sepa-
rated relaxation energies of CeY in Ce:YAG
44 and of 1AD in 1AD:YAG31 is 6.305 eV. In
Ce,2AD:YAG, relaxation of the whole structure stabilizes the energy by 12.965 eV and the
sum of the separated relaxation energies of of CeY in Ce:YAG
44 and of 2AD in 2AD:YAG31
is 12.765 eV.)
The above results show that, whereas making the rst AD is 0.530 eV more favorable in
Ce:YAG than in YAG, creating the second AD demands 0.222 eV more in Ce,1AD:YAG than
in 1AD:YAG, 0.107 eV of them due to the stress associated with its more dicult accom-
modation when CeY is present. Then, the presence of Ce impurities at the concentrations
studied in this work changes the pattern of antisite defects present in pure YAG in favor of
the formation of one antisite defect per YAG unit cell, instead of the two antisite defects
per unit cell obtained for YAG in the absence of Ce-doping31 (which was in agreement with
experiments29). In other words, Ce tends to lower the AD concentration in YAG. This result
is in line with the observations of Pankratov et al. in Ce-doped YAG nanocrystals11.
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B. Electronic structure
Calculated total and projected densities of states (DOS and PDOS) of the Ce,1AD:YAG
and Ce,2AD:YAG materials with their most stable defective structures (defects 1a and 2k,
respectively) are shown in Figs. 6 and 7, with zero energy taken as the top of the valence
band of AD-free YAG, which has oxygen 2p character.38 Their Ce-related features are very
similar to those of Ce:YAG (Ref. 44) and the AD-related features very similar to those of
1AD:YAG and 2AD:YAG (Ref. 31): CeY introduces new 5p occupied states between -18
and -16 eV and between -14 and -12 eV not present in pure YAG; occupied 4f states of
the impurity appear above the top of the YAG valence band and empty states of Ce 4f ,
5d and 6s character appear below the bottom of the conduction band; the upper occupied
levels of the two Oxygen atoms of the ADs that can be considered unbound to AlY (Oxygen
atoms d1 and b1 in Tables III and IV)31 rise in energy with respect to 1AD:YAG and
2AD:YAG, but they still lie below Ce 4f levels in Ce,1AD:YAG and Ce,2AD:YAG. In Fig. 8
we show in detail the PDOS of the Ce 4f  states in the gap of Ce:YAG, Ce,1AD:YAG, and
Ce,2AD:YAG. Small shifts to lower energies with respect to Ce:YAG are observed in the
occupied states (0.30 eV in Ce,1AD:YAG and 0.45 eV in Ce,2AD:YAG). Equal shifts are
experienced in these materials by the inner Ce 5s and 5p levels, which indicates that they
are not due to changes in the bonding between Ce-4f and O-2p, but to the change in the
electrostatic eld on Ce created by the anisotropic distortions of its environment produced
by the ADs. The shifts of the lowest lying unoccupied states to lower energies are larger
(0.80 eV in Ce,1AD:YAG and 0.50 eV in Ce,2AD:YAG).
C. Electronic transitions
The energies of the Ce-4f 1, Ce-5d1, and Ce-6s1 levels of Ce:YAG, Ce,1AD:YAG and
Ce,2AD:YAG, relative to their respective ground states, as obtained in CASPT2 calculations
on the (CeO8Al2O4)
15  cluster under the eects of the embedding potentials of each material,
are shown in Table V. The atomic positions of the cluster atoms and of the embedding
atoms have been taken from the previously discussed PBC-DFT calculations. The energies
so calculated are vertical (Frank-Condon) transitions and they correspond to the maxima of
the experimental absorption bands.27 Successful comparisons of the theoretical absorption
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transitions of Ce:YAG with experiments have been done elsewhere13,15 and here we will focus
on the eects of the ADs. The shifts induced in the transitions by the presence of one and
two ADs per unit cell are also included in the Table. In the calculations, the shifts come
from the distortions of the atomic coordinates of (CeO8Al2O4)
15 , the distortions of the
atomic coordinates of the rest of the atoms of the materials, and the electronic eects due
to YAl and AlY substitutions. According to these calculations, the antisite defects of YAG
alter the 4f ! 4f transitions of Ce3+ in amounts that are small in absolute terms although
signicant in percentage. They slightly blueshift the two lowest 4f ! 5d transitions.
In order to contrast this result with experiments, we can say that Pankratov et al.11
report that the second 4f   5d transition is shifted to the lower energy side from Ce-doped
YAG single crystals to Ce-doped YAG nanocrystals, where the concentration of ADs is
signicantly lower. This would be in agreement with the present ndings. Even if the exis-
tence of surface defects in nanocrystals could be playing a role here, the present calculations
indicate that the lower concentration of ADs cannot be ruled out as responsible for this
redshift. Regarding the rst 4f   5d transition, we aren't aware of specic reports on its
experimental shift by the interaction of Ce with ADs; however, the data in Fig. 4 of Ref. 10
on the luminescence spectra of Ce-doped YAG single crystals and single crystalline lms
(with lower AD concentration in the latter case) seem to indicate that it experiences a small
blueshift when the AD concentration is higher. This would also be in agreement with the
present calculations.
The blueshift of the rst Ce3+ 4f   5d transition by the interaction with ADs rules out
the involvement of antisite defects in the excitation of the lowest 5d ! 4f emission with
photons 1650 cm 1 below the zero-phonon line observed by Feolov et al.,9 which was one
of the possibilities considered to explain this phenomenon. This leaves the other distorted
Ce3+ centers suggested by the authors for consideration (Ce3+ interacting with interstitial
non-stoichiometric Yttrium or with vacancies).
The reasons behind the blueshift of the lowest 4f ! 5d transitions can be analyzed
following the procedure described in Ref. 15. In short, following the diagram in Fig. 9, the
energy of, e.g., the lowest 4f ! 5d transition can be decomposed in terms of a centroid
contribution and a ligand-eld contribution,
E(1  4f 1 ! 1  5d1) = Ecentroid(4f 1 ! 5d1) + Eligand eld(1  4f 1 ! 1  5d1) ; (2)
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with
Ecentroid(4f
1 ! 5d1) = 1
5
X
i=1;5
E(i  5d1)  1
7
X
i=1;7
E(i  4f 1) ; (3)
Eligand eld(1  4f 1 ! 1  5d1) = ELF(1  4f 1) ELF(1  5d1) ; (4)
ELF(1  4f 1) = 1
7
X
i=1;7
E(i  4f 1)  E(1  4f 1) ; (5)
ELF(1  5d1) = 1
5
X
i=1;5
E(i  5d1)  E(1  5d1) : (6)
Also, comparing the results of a series of calculations prepared with adequate choices of
atomic coordinates of the (CeO8Al2O4)
15  cluster and its environment and of the embedding
potentials, it is possible to extract the eects of the distortions of the rst coordination shell
around CeY, the distortions of the rest of the solid, and the electronic eects due to the
substitutions of Y by Al and Al by Y in the ADs.15 The designs and the results of the
mentioned calculations are shown in Table VI. In it, the A-B-C-D series of Ce,1AD:YAG
and of Ce,2AD:YAG give: (1) the eects of the distortion of the rst coordination shell of
Ce (from A to B), (2) the eects of the distortion of the rest of the lattice (from B to C), and
(3) the electronic eects brought about the exchange of Y and Al positions in the antisite
defects (from C to D)). The analyses of Ce,1AD:YAG and Ce,2AD:YAG are summarized in
Table VII.
In Ce,1AD:YAG, the last column of Table VII shows that the blueshift of the rst 4f !
5d transition (461 cm 1) is dominated by the ligand-eld contribution (502 cm 1), which
is slightly corrected by the shift of the 4f 1 and 5d1 centroids (-41 cm 1). The ligand-
eld contribution comes entirely from the reduction of the ligand-eld splitting of the 5d1
manifold. Roughly speaking, the expansion of the rst coordination shell of Ce accounts for
two thirds of it; the structural rearrangements further away from it account for the other
third. The electronic eects of the mutual substitution of Y and Al are insignicant, as
corresponds with the long Ce-Y and Ce-Al distances. The small redshift contribution of the
energy centroids is due to compensations between structural eects on the rst shell and on
the rest of the host; the rst shell alone would give -116 cm 1 redshift.
In Ce,2AD:YAG, the higher blueshift of the rst 4f ! 5d transition (792 cm 1) is
also dominated by a larger ligand-eld eect contribution (1084 cm 1) counterpoised by
12
a stronger redshift contribution from the centroids (-292 cm 1). As in Ce,1AD:YAG, the
ligand-eld contribution comes basically from the reduction of the ligand-eld splitting of
the 5d1 manifold, which is due in equal parts to the expansion of the rst-shell and the rear-
rangements in second and further shells. The Y and Al electronic eects slightly increase the
eective 5d ligand-eld splitting (a larger Y substitutes for a smaller Al at a relatively small
cation-Ce distance -see Fig. 4-, which slightly increments the Pauli repulsion experienced
by Ce), so giving a small redshift contribution. The redshift contribution of the energy
centroids is mostly due to the expansion of the rst shell (-223 cm 1), which is enhanced by
Y and Al electronic eects (-81 cm 1). In overall, the electronic eects brought about by
the exchange of Y and Al sites is signicantly larger in Ce,2AD:YAG than in Ce,1AD:YAG,
which goes together with the shortest Ce-Y distance in the former.
Let us nally remark that the 4f   5d energy centroid, Ecentroid(4f 1 ! 5d1), is lowered
by the presence of antisite defects in spite of the fact that they induce ligand expansions
around Ce. The usual simple model for this quantity (the only one presently available to
the best of our knowledge), which is due to Judd and Morrison,52,53 was successfully used by
Dorenbos for the rationalization of 4f 5d centroids of lanthanide ions in many hosts,54 and
analyzed and refreshed by Bettinelly and Mocorge,55 predicts the 4f   5d energy centroid
to increase with the distance between Ce and the ligands. This disagreement between
the predictions of Judd-Morrison model and ab initio calculations for small changes of the
Ce-ligand distances conrms previous observations of the same fact14,15,56 and supports the
conclusion that using the model for the prediction of small centroid shifts associated with
small and/or anisotropic ligand distortions around lanthanides can be misleading.
IV. CONCLUSIONS
A mixed rst-principles study has been conducted on the interactions between CeY sub-
stitutional defects and YAl-AlY antisite defects in YAG. The study includes ground state
structural periodic-boundary-conditions DFT calculations on YAG with one CeY and one or
two YAl-AlY antisite defects together per unit cell (Ce,1AD:YAG and Ce,2AD:YAG), and
CASPT2 calculations on the 4f 1, 5d1, and 6s1 electronic manifolds of the (CeO8Al2O4)
15 
cluster embedded in AIMP representations of the above defective structures of YAG.
The calculations show attractive interactions between CeY and the antisite defects. The
13
presence of ADs, which are intrinsic in YAG, causes a strongly anisotropic expansion of the
atomistic structure around the CeY impurities as well as a strong distortion of much of the
YAG unit cell. Whereas the formation of a rst AD is more favorable in Ce:YAG than in
YAG, the formation of the second AD is less favorable; in consequence, the presence of Ce
tends to lower the concentration of antisite defects in YAG, which seems to be in agreement
with experiments in Ce-doped YAG nanocrystals.
The interaction between Ce3+ and antisite defects blueshifts the two lowest Ce3+ 4f ! 5d
transitions. This result rules out the involvement of antisite defects in the excitation of the
lowest 5d ! 4f emission with photons 1650 cm 1 below the zero-phonon line observed by
Feolov et al.,9 which was one of the possibilities considered to explain this phenomenon,
and leaves the other distorted Ce3+ centers suggested by the authors for consideration (Ce3+
interacting with interstitial non-stoichiometric Yttrium or with vacancies).
The blueshifts are dominated by a decrease in the eective ligand-eld splitting of the
5d1 manifold, which is almost entirely due to the structural changes with almost negligible
electronic eects from the YAl-AlY site exchange. Not only the expansion of the rst co-
ordination shell around CeY is important for the reduction of the 5d ligand-eld, but also
the distortions further away. The AD eects on the dierence between the 5d1 and 4f 1
energy centroids have a minor importance. Interestingly, the expansions around CeY are
accompanied by a lowering of the 4f   5d centroid dierence; this is not anticipated by the
usual model for this quantity, which predicts the opposite.
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TABLE II: O-center displacements of CeY in Ce,2AD:YAG with respect to its original site in
YAG, do(CeY). Intercationic distances in YAG, Ce:YAG, and Ce,2AD:YAG (dierences with
Ce:YAG in parentheses). Aloct is the Al atom of the most stable 2AD:YAG structure that occupies
an inversion center (Ref. 31). Relative defect energies with respect to the most stable one, E.
Distances in A. Energies in meV and kJ/mol (in parentheses). All defects are labeled according to
Fig.2. Data for YAG and Ce:YAG are taken from Refs. 38 and 15 respectively.
defect Ce,2AD:YAG YAG Ce:YAG Ce,2AD:YAG
do(CeY) d(Y-Aloct) d(Ce-Aloct) d(Ce-Aloct) E
2k 0.039 8.155 8.153 8.133 ({0.020) 0 (0)
2f 0.077 8.155 8.153 8.107 ({0.046) 38 (3.7)
2w 0.086 8.155 8.153 8.134 ({0.019) 41 (4.0)
2h 0.075 6.938 6.944 6.870a ({0.074) 55 (5.3)
2Al 0.083 3.386 3.395 3.378 ({0.017) 57 (5.5)
2a 0.050 5.459 5.458 5.414 ({0.044) 71 (6.9)
2u 0.031 6.938 6.944 6.910a ({0.034) 89 (8.6)
2i 0.026 5.459 5.458 5.469 (+0.011) 115 (11.1)
2l 0.025 5.459 5.458 5.477 (+0.019) 118 (11.4)
2m 0.019 6.938 6.944 6.938a ({0.006) 135 (13.0)
2a 0.115 3.386 3.395 3.332 ({0.063) 256 (24.7)
aAtoms located in adjacent unit cells.
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TABLE III: CeY-O, AlY-O, and YAl-O distances (in A) of the most stable Ce,1AD:YAG defect
(defect 1a in Table. I; see Fig.3).
Oxygen d(CeY-O)
a Oxygen d(AlY-O)
b Oxygen d(YAl-O)
b
s1 2.427 (+0.054) d1 3.206 ({0.010) b1 2.126 ({0.002)
s2 2.420 (+0.047) d2 2.309 ({0.005) b2 2.209 ({0.002)
s3 2.405 (+0.032) d3 2.129 ({0.060) o1 2.238 (+0.005)
s4 2.414 (+0.041) d4 2.011 ({0.047) o2 2.221 ({0.005)
l1 2.516 (+0.048) d5 1.983 (+0.019) o3 2.224 (+0.001)
l2 2.518 (+0.050) d6 1.955 (+0.001) o4 2.187 (+0.001)
l3 2.516 (+0.048) b1 2.904 (+0.015)
l4 2.450 ({0.018) b2 2.019 ({0.045)
aIn parenthesis, dierences with respect to Ce:YAG (Ref. 44).
bIn parenthesis, dierences with respect to 1AD:YAG (Ref. 31).
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TABLE IV: CeY-O, AlY-O, and YAl-O distances (in A) of the most stable Ce,2AD:YAG defect
(defect 2k in Table. I; see Fig.4).
Oxygen d(CeY-O)
a Oxygen d(AlY-O) d(AlY
0-O)b Oxygen d(YAl-O) d(YAl0-O)b
s1 2.376 (+0.003) d1 3.338 (0.000) 3.263 ({0.075) b1 2.123 (0.000) 2.116 ({0.007)
s2 2.419 (+0.046) d2 2.100 (0.000) 2.096 ({0.004) b2 2.212 (0.000) 2.203 ({0.009)
s3 2.402 (+0.029) d3 2.169 (0.000) 2.154 ({0.015) o1 2.216 (0.000) 2.236 (+0.020)
s4 2.447 (+0.074) d4 2.056 (0.000) 2.033 ({0.023) o2 2.226 (0.000) 2.225 ({0.001)
l1 2.492 (+0.024) d5 2.080 (0.000) 2.098 (+0.018) o3 2.224 (0.000) 2.228 (+0.004)
l2 2.498 (+0.030) d6 1.966 (0.000) 1.959 ({0.007) o4 2.190 (0.000) 2.187 ({0.003)
l3 2.504 (+0.036) b1 2.854 (0.000) 2.854 ( 0.000)
l4 2.553 (+0.085) b2 2.057 (0.000) 2.063 (+0.006)
aIn parenthesis, dierences with respect to Ce:YAG (Ref. 44).
bIn parenthesis, dierences with respect to 2AD:YAG (Ref. 31).
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TABLE V: Relative energies of the Ce-4f1, Ce-5d1, and Ce-6s1 levels of Ce:YAG, Ce,1AD:YAG
and Ce,2AD:YAG and their shifts induced by the presence of one and two antisite defects per unit
cell, as a result of CASPT2 calculations on (CeO8Al2O4)
15  embedded clusters. All numbers in
cm 1.
Material: Ce:YAGa Ce,1AD:YAG Ce,2AD:YAG
D2 Energy C1 Energy Shift Energy Shift
4f1 levels
1 2B2 0 1
2A 0 0 0 0
1 2B3 38 2
2A 63 26 36 -1
1 2B1 202 3
2A 159 -43 271 69
1 2A 416 4 2A 433 17 461 45
2 2B1 443 5
2A 488 45 492 49
2 2B2 516 6
2A 571 55 624 108
2 2B3 2419 7
2A 2316 -102 2320 -98
5d1 levels
2 2A 23853 8 2A 24314 461 24645 792
3 2B3 30169 9
2A 31093 923 30505 336
3 2A 48112 10 2A 47904 -208 46695 -1418
3 2B2 48700 11
2A 49318 618 47379 -1321
3 2B1 52221 12
2A 50218 -2003 52497 276
6s1 level
4 2A 61214 13 2A 58984 -2230 64190 2976
aReference 15.
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TABLE VII: Analysis of contributions to the shift of the rst 4f ! 5d transition from Ce:YAG to
Ce,1AD:YAG and Ce,2AD:YAG. All numbers in cm 1.
Contributions
First-shell distortion Full distortion AlY-YAl All
Ce,1AD:YAG
Ecentroid(4f
1 ! 5d1) -116 -52 11 -41
ELF(1  4f1) 21 8 -8 0
ELF(1  5d1) -337 -479 -23 -502
Eligand eld 357 487 15 502
E 241 435 26 461
Ce,2AD:YAG
Ecentroid(4f
1 ! 5d1) -223 -211 -81 -292
ELF(1  4f1) 41 -14 39 25
ELF(1  5d1) -665 -1259 200 -1059
Eligand eld 706 1245 -161 1084
E 483 1034 -242 792
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FIG. 1: Representation of the (CeO8Al2O4)
15  embedded cluster used in this work.
FIG. 2: Non-equivalent sites of the CeY substitutional defect in the YAG unit cell with respect
to the most stable single (top) and double (bottom) AlY-YAl antisite defects. The most stable
locations for CeY in each case are underlined.
FIG. 3: Most stable CeY-1AD defect (1a in Fig. 2). Detailed structure (top) and axial periodicity
showing the . . . -CeY-AlO4-AlY-AlO4-CeY-. . . chain (bottom).
FIG. 4: Most stable CeY-2AD defect (2k in Fig. 2).
FIG. 5: Schematic representation of defect formation energies. All energies in eV.
FIG. 6: DOS and PDOS of Ce,1AD:YAG (defect 1a): Orbital decomposition of the Ce  PDOS,
PDOS of Ce, Y, Al and O atoms, and total DOS.
FIG. 7: DOS and PDOS of Ce,2AD:YAG (defect 2k): Orbital decomposition of the Ce  PDOS,
PDOS of Ce, Y, Al and O atoms, and total DOS.
FIG. 8: Ce  PDOS around the band gap in Ce:YAG (Ref. 15, Ce,1AD:YAG (defect 1a) and
Ce,2AD:YAG (defect 2k).
FIG. 9: Schematic representation of the 4f1 and 5d1 manifolds of the CeY defect.
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Figure 1 Mu~noz-Garca et al.
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Figure 2 Mu~noz-Garca et al.
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Figure 3 Mu~noz-Garca et al.
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Figure 4 Mu~noz-Garca et al.
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Figure 5 Mu~noz-Garca et al.
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Figure 6 Mu~noz-Garca et al.
31
-30 -20 -10 0 10 20 30
E (eV)
0
2
4
6
8
[st
ate
s/(
eV
 ce
ll)
]
5s 
6s
5p
6p
5d
4f
Ce
α
(Ce2AD:YAG)
defect 2k
PD
O
S
-30 -20 -10 0 10 20 30
E (eV)
-100
-75
-50
-25
0
25
50
75
100
25
50
75
100
25
50
75
100
25
50
75
100
0
-5
5
10
O
Al
Y
Ceβ
Ce
α
Ce2AD:YAG
α
Ce2AD:YAGβ
defect 2k
defect 2k
PD
O
S
[st
ate
s/(
eV
 ce
ll)
]
D
O
S
[st
ate
s/(
eV
 ce
ll)
]
Figure 7 Mu~noz-Garca et al.
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Figure 8 Mu~noz-Garca et al.
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Figure 9 Mu~noz-Garca et al.
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